ABSTRACT Laboratory studies were conducted to determine the inßuence of soil texture, moisture and surface cracks on adult preference and survival of the root-feeding ßea beetle, Longitarsus bethae Savini and Escalona (Coleoptera: Chrysomelidae), a natural enemy of the weed, Lantana camara L. (Verbenaceae). Adult feeding, oviposition preference, and survival of the immature stages of L. bethae were examined at four soil textures (clayey, silty loam, sandy loam, and sandy soil), three soil moisture levels (low, moderate, and high), and two soil surface conditions (with or without surface cracks). Both soil texture and moisture had no inßuence on leaf feeding and colonization by adult L. bethae. Soil texture had a signiÞcant inßuence on oviposition, with adults preferring to lay on clayey and sandy soils to silty or sandy loam soils. However, survival to adulthood was signiÞcantly higher in clayey soils than in other soil textures. There was a tendency for females to deposit more eggs at greater depth in both clayey and sandy soils than in other soil textures. Although oviposition preference and depth of oviposition were not inßuenced by soil moisture, survival in moderately moist soils was signiÞcantly higher than in other moisture levels. Development of immature stages in high soil moisture levels was signiÞcantly slower than in other soil moisture levels. There were no variations in the body size of beetles that emerged from different soil textures and moisture levels. Females laid almost three times more eggs on cracked than on noncracked soils. It is predicted that clayey and moderately moist soils will favor the survival of L. bethae, and under these conditions, damage to the roots is likely to be high. This information will aid in the selection of suitable release sites where L. bethae would be most likely to become established.
into agents that are not only adequately host-speciÞc but are also likely to establish, by virtue of having the ability to cope with ecological conditions in the release areas.
The life history of L. bethae was described by . L. bethae adults perforate the epidermis and feed on the mesophyll tissue. Eggs are laid singly or in small clusters of up to four eggs on the surface of the soil. Larvae burrow into rootlets and feed internally, producing elongate tunnels and thereby disrupting ßow of water and nutrients. Larvae often pupate within 5 cm of the soil surface. A taxonomic revision indicated that L. bethae was a new species (Savini and Escalona 2005) and that its distribution outside the collection site in Mexico is yet to be established.
In South Africa, lantana is naturalized in the regions that are characterized by a broad range of soil textures, including clay loam, silty loam, and sandy loam soils. Oviposition preference and corresponding larval performance of L. bethae among soil textures could deÞne the potential niche of this biological control agent, restricting its populations to a certain range of soil types. Other studies (MacDonald and Ellis 1990, Godfrey et al. 1995) have shown that soil texture has an effect on other edaphic factors, including soil water holding capacity, soil penetrability, soil temperature, and soil ßora and fauna, and these could in turn inßuence the performance of L. bethae. Although the effect of soil characteristics on survival of soil-dwelling insects has been studied in agro-ecosystems, cultivation in these systems alters the soil structure and other edaphic components (Godfrey et al. 1995) , making it difÞcult to develop simple and highly predictable models to determine relationships between the individual soil factors and the survival of organisms. However, Turpin and Peters (1971) observed that the number of surviving larvae of the western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), increased as the clay percentage of the soil increased. MacDonald and Ellis (1990) also observed that larvae of western corn rootworm moved more than three times faster through silty clay or loam than through loamy sand, reducing the abundance of this pest in coarse-textured soils. It has been argued that the network of cracks in clayey soils allows greater mobility of neonate larvae through the soil particles, allowing their access to rootlets, and consequently greater larval survival (Strnad and Bergman 1987, Pacchioli and Hower 2004) . Gustin and Schumacher (1989) concluded that soil texture, through its relationship with soil structure and pore size distribution, had a signiÞcant inßuence on larval survival.
Soil moisture has also been implicated as one of the important edaphic factors affecting the survival of underground herbivores. For example, Southern corn rootworms, Diabrotica undecimpunctata howardi Barber (Coleoptera: Chrysomelidae), laid 62% more eggs in irrigated than in nonirrigated systems (Brust and House 1990) , and that mortality of eggs and larval stages of this insect was greater in nonirrigated than in irrigated systems. Although western corn rootworm laid signiÞcantly more eggs in high moisture subplot (Gustin 1979) , poor larval establishment and reduced populations of this beetle occurred when egg hatch took place under saturated soil conditions (Riedell and Sutter 1995) . Apparently, low summer rainfall was a key factor that restricted establishment of Longitarsus flavicornis Stephens (Coleoptera: Chrysomelidae) in Tasmania from 1979 to 1984, whereas wetter summers occurring at some sites in 1985/86 supported population increases (Ireson et al. 1991) . Potter et al. (2004) observed a reduction of larval survival of L. flavicornis in waterlogged soils. Weiss et al. (1983) reported that Ϸ80% of eggs of western corn rootworm were found in the upper 10 cm of soil in irrigated Þelds, whereas only 45% of eggs were found at this depth under dry land conditions, indicating an effect of soil moisture on the depth of oviposition.
Based on studies of other root-feeding insect species (Turpin and Peters 1971 , Lummus et al. 1983 , Marrone and Stinner 1984 , it was hypothesized that at least three edaphic factors might inßuence oviposition and larval development of L. bethae: soil texture; soil moisture; and surface cracks. Each of these factors was studied in turn. Knowledge of the inßuence of soil factors on the ßea beetle would also help in the selection of suitable release sites where this agent would be most likely to become established and have the greatest impact on the target weed. This could also help in developing appropriate integrated control strategies for lantana in the countries invaded by the weed.
Materials and Methods
Laboratory Conditions, Insect Collection, and Egg Rearing. Laboratory trials were conducted in a quarantine glasshouse at the Plant Protection Research Institute (PPRI), Pretoria, at a photoperiod of 14:10 (L:D) h. Relative humidity ranged between 60 and 95%, and temperature was set at 28 Ϯ 2ЊC during the day and 22 Ϯ 2ЊC at night throughout the study. All trials were conducted when plants had reached a height of Ϸ25 cm and had developed Ϸ150 leaves. Variety 009 Light Pink, the most widespread lantana variety along the ecological zone of the weed in South Africa, was used to rear L. bethae and was subsequently used in all the trials. L. bethae was collected as adults from L. camara in Cuernavaca, Mexico, in 2000. To concentrate oviposition, a group of Ϸ400 L. bethae adults were enclosed into a cage (0.55 by 0.55 by 0.95 m) with a single potted plant grown in a large pot (10 liters) for 8 d. Eggs were laid within the layer of sand that had been laid down at a depth of 3 cm from the soil surface of the potted plant to facilitate egg recovery. Eggs were extracted from the sand using a sieve-ßoatation procedure (Foster et al. 1979 , Simelane 2006a . In this procedure, soil was gently washed through a series of three stacked sieves of downwardly decreasing mesh size (1.00, 0.4, and 0.2 mm). Eggs were collected on the last sieve and were removed from the Þltrate using a Þne brush.
Experiment 1: Oviposition, Colonization, and Feeding on Different Soil Textures. A 4 by 3 factorial design experiment was conducted to measure the effect of four soil textures at three 1-cm soil depth increments. The soil textures were as follows: clayey (5% sand, 39% silt, 55% clay, and 1% organic matter); silty loam (9% sand, 68% silt, 21% clay, and 2.2% organic matter); sandy loam (68% sand, 23% silt, 7% clay, and 2.1% organic matter); and sandy soils (90% sand, 7.7% silt, 2% clay, and 0.3% organic matter). Lantana plants were grown singly into pots containing each of the four soil textures. A total of 24 plants, with 6 of the potted plants containing one of the four soil textures, were placed randomly in a walk-in cage (4 by 4 by 2 m). A group of 216 newly emerged unsexed adults were released and conÞned with these plants for 10 d. During the 10-d period, adults found on each plant or on the soil surface of a plant were counted daily to determine the relative time spent on each type of pot. At the end of the 10-d period, adults were removed, and eggs, extracted from each of the 1 cm layer of the 3-cm soil proÞle, were counted. Extraction of eggs
from the soil was conducted using a sieve-ßoatation procedure described previously. Leaf feeding damage by adults was also assessed using a 0 Ð3 point scale, indicating non-to full feeding . The interpretations of these scores were as follows: 0 ϭ no feeding; 1 ϭ small punctures (exploratory feeding); 2 ϭ small feeding holes (restrained feeding); 3 ϭ large feeding holes (full feeding). Experiment 2: Oviposition, Colonization, and Feeding on Three Soil Moisture Treatments. A 3 by 3 factorial design experiment was used to measure the effect of three soil moisture levels at three soil depths. Soil moisture in each pot was measured by Hadeco soil moisture meter (Hadeco[Pty] Ltd., Maraisburg, South Africa), with readings ranging from 1 (too dry) to 8 U (too wet). Soil moisture levels were maintained at 3Ð 4, 5Ð 6, and 7Ð 8 U, representing low (11%), moderate (16%), and high (20%) moisture levels, respectively. Meter readings were calibrated by taking soil core samples within the depth of 10 cm of the soil proÞle and oven-dried at 100ЊC for 72 h to determine the percentage weight of moisture content in the soil. A silty loam soil (9% sand, 68% silt, 21% clay, and 2.2% organic matter) was used in this experiment. A population of 360 newly emerged unsexed adults of L. bethae were released into a walk-in cage (4 by 4 by 2 m) containing 30 potted plants, with 10 of the plants maintained at one of the three soil moisture levels. The potted plants were arranged randomly in the cage, and the beetles were allowed to infest the plants for 10 d. After 10 d, adults were removed, and counts were made of eggs that were extracted from each of the three 1-cm soil layers. Adults found on each plant or soil surface below the same plant were counted daily and feeding damage by adults was assessed as described in experiment 1.
Experiment 3: Effect of Soil Texture on Survival of L. bethae. The effect of soil texture on survival of L. bethae was studied on all the four soil textures (clayey, silty loam, sandy loam, and sandy soil) used in experiment 1. A population of 200 eggs, initially incubated for 11 d at 25ЊC until they were Ϸ24 h from hatching (mandibulate stage), were washed onto a vertical slit (6 cm long and 0.5 cm deep) made by scraping a sharp knife across the soil surface at the base of the stem. Approximately 500 ml of water was applied daily onto each plant throughout the study. After 30 d, the surface of each pot was covered by a small isolation cage (30 by 30 by 40 cm) to capture beetles as they emerge from the soil. Survival was measured by counting the newly emerged adults from each soil texture. Body lengths and head capsule widths of adults that emerged from each soil texture were measured, and these were also used to determine the suitability of the soil texture for L. bethae. Each soil texture was replicated six times, with each plant representing a replicate.
Experiment 4: Effect of Soil Moisture on Survival of L. bethae. The effect of soil moisture on survival of L. bethae was studied at three soil moisture levels (low, moderate, and high) described in experiment 2. A Hadeco soil moisture meter was used to measure and maintain each of the three soil moisture levels throughout the development period of the immature stages. A population of 200 eggs was seeded into the soil of each plant as described in experiment 3. Survival to adulthood was measured by counting the adult progeny produced from each of the three soil moisture levels. Development time and body size of adult progeny were also measured as described in experiment 3. Each moisture level was replicated six times, with each plant representing a replicate.
Experiment 5: Effect of Soil Cracks on Oviposition. To test the hypothesis that soil surface cracks create better oviposition sites for L. bethae, 10 pairs of newly emerged adults were conÞned onto a gauze-covered cage (0.5 by 0.5 by 0.95 m) containing two plants: one with artiÞcial cracks (treatment) and the other without cracks (control). On each treatment plant, Þve vertical slits, each measuring 6 cm in length and 0.5 cm in depth, were made by scraping a sharp knife across the soil surface of each plant. The soil texture used for both control and treatment plants was silty loam soil containing 9% sand, 68% silt, 21% clay, and 2.2% organic matter. After 10 d, adults were removed, and eggs were recovered from within the depth of 3 cm of the soil surface. The total number of eggs laid during the 10-d period was compared between the treatment and the control plants. The experiment was replicated 10 times, with each cage representing a replicate.
Data Analysis. Statistical analyses were performed using the computer package, Statistica 6.1 (Statistica 2004). To make comparisons among treatments, the number of eggs laid, level of feeding damage by adults, and the number of adults per plant were subjected to nonparametric Kruskal-Wallis test. The Student t-test was used to compare the number of eggs laid on cracked and on uncracked soil surfaces. One-way analysis of variance (ANOVA) was performed to examine differences in survival, duration of development, and body size of the ßea beetles among treatments, and the means were separated by the Fisher protected least signiÞcant difference (LSD) test. To stabilize the variance, the data were initially transformed to square roots before being subjected to parametric statistical analysis, but untransformed data are presented.
Results
Experiment 1: Oviposition, Colonization, and Adult Feeding on Different Soil Textures. Soil texture signiÞcantly inßuenced the oviposition choice of the beetles ( 2 ϭ 12.61; df ϭ 3; P ϭ 0.006), with more eggs laid on clayey and sandy soils than on silty loam or sandy loam soils (Table 1) . Although no eggs were found below the upper 1-cm depth of silty loam soils, Ͼ10% of eggs were found at the middle 1-cm of clayey, sandy, and sandy loam soils. Soil texture had no inßuence on colonization ( 2 ϭ 0.15; df ϭ 3; P ϭ 0.99) by and feeding choices ( 2 ϭ 0.80; df ϭ 3; P ϭ 0.85) of L. bethae adults.
Experiment 2: Oviposition, Colonization, and Adult Feeding on Three Soil Moisture Treatments. Oviposition choice was not affected by the level of soil moisture ( 2 ϭ 12.61; df ϭ 2; P ϭ 0.88; Table 2 ). Soil moisture had no inßuence on the depth of oviposition or that Ͼ95% of eggs were deposited in the upper 1 cm layer of the soil. The number of adults and the level of feeding damage recorded on each plant did not vary signiÞcantly among the soil moisture levels (number of adults per plant: 2 ϭ 0.19; df ϭ 2; P ϭ 0.91; feeding damage level:
2 ϭ 1.56; df ϭ 2; P ϭ 0.46). Experiment 3: Effect of Soil Texture on Survival of L. bethae. Survival to adulthood was signiÞcantly affected by soil texture (F ϭ 11.16; df ϭ 3,14; P Ͻ 0.001; Table 3 ). Survival in clayey soil was more than ninefold compared with that in other soil textures. Although development in sandy soils was slightly delayed, development time to adulthood did not differ signiÞcantly among the soil textures (F ϭ 0.245; df ϭ 3,14; P ϭ 0.245; Table 3 ). Adult size of L. bethae emerging from various soil textures did not vary signiÞcantly (body length: F ϭ 0.656; df ϭ 3,72; P ϭ 0.581; head capsule width: F ϭ 1.57; df ϭ 3,72; P ϭ 0.21). However, males from all the soil textures were generally smaller than females (length: F ϭ 27.22; df ϭ 1,72; P Ͻ 0.05, width: F ϭ 13.73; df ϭ 1, 72; P Ͻ 0.05). Females measured 1.82 Ϯ 0.02 (SE) mm in length and 0.51 Ϯ 0.004 mm in width, whereas males measured 1.73 Ϯ 0.01 by 0.47 Ϯ 0.01 mm.
Experiment 4: Effect of Soil Moisture on Survival of L. bethae. Survival to adulthood was signiÞcantly higher (F ϭ 9.98; df ϭ 2,11; P ϭ 0.0035) in moderately moist soils than in other moisture levels (Table 4) . Survival in moderately moist soils was Ϸ5-and 10-fold compared with that in high and low moisture levels, respectively. The development of beetles in high moisture level was signiÞcantly delayed (F ϭ 6.067; df ϭ 2,8; P ϭ 0.05), taking 4 and 5 d longer than in moderate and low moisture levels, respectively (Table  4) . No signiÞcant differences in body length (F ϭ 0.24; df ϭ 2,54; P ϭ 0.79) and head capsule width (F ϭ 2.57; df ϭ 2,54; P ϭ 0.06) were observed among beetles emerging from various soil moisture levels. However, males from all the moisture levels were generally smaller (length: F ϭ 11.8; df ϭ 1,54; P ϭ 0.001, width: F ϭ 3.54; df ϭ 1,54; P ϭ 0.05) than females. The females measured 1.82 Ϯ 0.003 mm in length and 0.49 Ϯ 0.01 mm in width, whereas the males measured 1.73 Ϯ 0.01 by 0.47 Ϯ 0.01 mm.
Experiment 5: Effect of Soil Cracks on Oviposition. The availability of cracks on the soil surface had a signiÞcant inßuence on the selection of oviposition site by L. bethae adults (t ϭ 3.15; P Ͻ 0.05; n ϭ 10). The female beetles showed a stronger oviposition preference for soils with cracks to those without cracks, laying almost three times more eggs on cracked (mean ϭ 162.7 Ϯ 25) than on noncracked (mean ϭ 54 Ϯ 18) soils.
Discussion
The results of this study show that choice of oviposition and survival of the immature stages of L. bethae are inßuenced by soil texture, with greater number of eggs laid on either clayey or sandy soils than on mixed loamy soils. There are several possible interpretations for this result. Regarding clayey soils, females may have selected oviposition sites in response to the availability of cracks that naturally characterized these soils (Kirk et al. 1968) . Cracks in clayey soils may have allowed physical access of females deeper into the soil proÞle, enabling them to deposit up to15% of their eggs at the depth of 2Ð3 cm of the soil proÞle. The network of cracks in clayey soils may have subsequently allowed greater mobility of Means followed by the same letter within a column are not significantly different (P Ͼ 0.05; LSD test). Means followed by the same letter within a column are not significantly different (P Ͼ 0.05; LSD test). neonate larvae through the soil particles, allowing their access to rootlets, and consequently, greater larval survival (Strnad and Bergman 1987, Pacchioli and Hower 2004) . Although sand was preferred as an oviposition site, it supported poor survival of L. bethae. Females were often extracted together with eggs from the top 2 cm of the soil proÞle, suggesting that they may have burrowed into the loose sandy soil to deposit their eggs, thereby increasing oviposition rate in such soils. However, the low moisture retention capacity of sandy soils may have caused eggs to desiccate and neonate larvae to undergo severe moisture stress, thus increasing their mortality (Edney 1977 , Hadley et al. 1989 . It is also likely that abrasion by sharp edges of sand increased the mortality of neonate larvae (Hoback and Golick 2000) . The Þndings of this study are consistent with other studies that have shown that sandy and other rapidly drying soils are unsuitable for larval survival of root-feeding insect species (Turpin and Peters 1971 , MacDonald and Ellis 1990 , Brust and House 1990 . The loamy soils used in the study were inevitably pulverized when packed into plant pots during transplanting, thus producing a soil proÞle with poorer continuity of pores than one would expect in undisturbed loamy soils under Þeld conditions (Pacchioli and Hower 2004) . In contrast, surface cracks were formed on clayey soils soon after transplanting, and this could have favored oviposition and larval survival of L. bethae. Under natural Þeld conditions, undisturbed loamy soils become more stable over time, forming structured pores (e.g., soil cracks, old root, and earthworm channels) with continuity (Brady 1974) , and these are expected to enhance larval movement and survival of L. bethae.
Desiccation in very dry soils and poor aeration in saturated soils may have adversely affected the survival of immature stages of L. bethae. Previous studies (Simelane 2006b ) and this study have shown that oviposition occurs within the upper 2 cm, and overwhelmingly in the uppermost 1 cm of the soil proÞle, a layer that is prone to rapid drying. Therefore, severe moisture stress in very dry soils may have killed the majority of eggs and neonate larvae. Poor aeration in water-Þlled pores of wet soils is likely to have limited the movement of neonate larvae, preventing them from Þnding roots, and thus reducing their survival (Gustin and Schumacher 1989 , MacDonald and Ellis 1990 , Riedell and Sutter 1995 , Potter et al. 2004 .
Although soil texture seems to have a signiÞcant inßuence on oviposition and survival of L. bethae, the ability of the soil to retain moisture may be crucial to the survival of immature stages of this beetle in the Þeld. Other studies (Simelane 2006b ) have shown that abiotic factors that are associated with rapid loss of soil moisture (e.g., bare ground and low humidity) have a detrimental effect on the survival of immature stages of L. bethae. Because of their high moisture retention capacity, clayey or Þne-textured soils are expected to favor the performance of L. bethae under natural Þeld conditions. In subtropical eastern regions of South Africa where lantana is presently naturalized and abundant, heavy infestations of the weed often form dense thickets with closed canopies, resulting in leaf litter accumulation on the ground (unpublished data). Under such conditions, the rate of soil drying and soil surface temperature could be mitigated, thus conserving soil moisture needed for increased survival of L. bethae. Given a favorable soil texture in such habitats, the prospect of L. bethae establishment and potential damage to the roots could be increased. However, prolonged drought, even in the presence of ground cover, could cause the uppermost 1-cm stratum of the soil proÞle to become extremely dry, causing the majority of eggs to desiccate and larvae to die. Thus, it seems that both soil texture and precipitation will be among the important environmental parameters inßuencing the population dynamics of L. bethae in the Þeld.
